The objective of this project is the development of a new high temperature, affinity-type CO 2 -selective membrane. This membrane has the potential to find use in novel reactive applications of relevance to IGCC plants. In this project we have utilized a variety of methods to prepare affinity-type CO 2 -selective membranes. We have used a number of hydrotalcite (HT) sources and supports. We have also prepared two types of membranes, large area membrane disks and tubes, and micromembranes prepared on stainless steel foils and silicon wafers. Quality nanoporous membranes have been prepared, which show significantly higher permeation rates for gases with smaller kinetic diameters like He (used here as a safe surrogate gas for hydrogen) as compared to gases with larger kinetic diameters like Ar. Some of these membranes are selective towards CO 2 . The effect of preparation conditions on the membrane transport characteristics have also been studied and are reported here.
Results of Work

2.1.Project Approach
The objective of the project was to utilize variety of methods to prepare affinity-type CO 2 -selective membranes. The plan was to utilize a number of hydrotalcite (HT) sources and membrane supports, and to test the membranes for their transport characteristics using both single gases and mixtures of gases, as well as by a variety of other characterization techniques, including SEM and TEM, DRIFTS, EDX, and DTA/TGA. The plan was also to prepare two different types of membranes, namely large-area membrane disks and tubes, and micromembranes prepared on stainless steel foils and silicon wafers. The micromembranes show good potential for application in micro-fuel cells.
Large Area Membrane Preparation
To prepare the HT membranes, we have utilized a variety of HT sources including commercial hydrotalcite powders from Sasol and Aldrich; we have also synthesized a number of such materials ourselves by the co-precipitation method [1] , as follows: An aqueous solution (45 ml) containing 0.058 mol of Mg(NO 3 ) 2 ·6H2O and 0.02 mol of Al(NO 3 ) 3 ·9H 2 O (ACS reagent grade, purchased from Aldrich) is prepared (Mg/Al molar ratio of 2.9:1).. This solution is added all at once to a second solution (70 ml) containing NaOH (0.35 mol) and Na 2 CO 3 (0.09 mol) at 333K. The resulting mixture is kept at this temperature for 24 h under vigorous stirring, after which the white precipitate that was formed was filtered off and washed with distilled water several times. The hydrotalcite was dried for 24 h at 393 K. Using ICP-MS analysis, the synthetic hydrotalcite was shown to have a Mg/Al ratio of 2.89:1 (this HT is labeled as HT1; another HT with a different Mg/Al ratio was also prepared, labeled as HT2). The commercial hydrotalcites were also analyzed by ICP-MS. Table 1 shows the various HT we utilized with their corresponding Mg/Al molar ratios.
The powders, thus prepared, were also used to prepare macroporous HT disks as supports in membrane preparation. These membrane supports were prepared by pressing 3 g of HT with 1000 kg f /cm 2 of pressure for 10 min. We have also utilized α-alumina tubes 6 (I.D 7 mm, O.D. 11mm, 0.5~1.0 µm pore radius, ~40% porosity) from the Dalian Institute in China, α-alumina discs prepared in our laboratories (using alumina powders from the Coors-Tek company), as well as γ-alumina tubes prepared by us by sol-gel techniques. In order to prepare microporous HT membranes, various methods were utilized including dip-coating, and electrophoretic deposition, as described below:
Dip-coating. For dip-coating, HT slurries were prepared by two different methods. The first method involved the HT2 solution (Table 1 ). After 2 h of reaction under vigorous stirring at a temperature of 60 o C, distilled water was added to the reaction mixture, which was then centrifuged for 10 min at 2500 rpm in a sealed container. At the end of centrifugation, the supernatant solution was removed (this is defined as the mother solution); distilled water was again added to the thick slurry at the bottom of the container, which was then centrifuged again, the supernatant solution removed, etc. The procedure is repeated until the pH of the slurry becomes ~ 8. [2] The supernatant solution was then again removed, distilled water was added to the remaining residue and shaken vigorously. The resulting suspension was then allowed to stand for one day. The resulting mixture was separated in three layers, i.e. a dark bottom layer, a translucent middle layer, and a transparent top layer. The translucent layer was then recovered and utilized to prepare the HT membrane on α-alumina and γ-alumina supports. The mother solution was also used in the hydrothermal treatment at 80 o C, 100 o C, and 120 o C. Another method involved dispersing the Sasol Mg70D powder in distilled water (this material is easily dispersible because it contains lactate acid, which acts as a dispersion agent). After the suspension was prepared, membrane support tubes were dipped in the suspension for 10 s at a time for each coating. The membranes were then dried overnight in air, and then at 150 o C for 12 h.
Using Sulfate as a Binder. Some of the HT membranes were prepared using sulfate as a binder. 99% sulfuric acid (ACS reagent grade from VWR) was used as the sulfate source. [3] The Sasol Mg70D and Mg50 powders were utilized for the preparation. A 2 M H 2 SO 4 solution was added drop-wise to the HT suspension (prepared by ultrasonic treatment for 15 min to assure that the HT disperses well). 1 g of Mg70D or 1 g of Mg50 were dispersed .6% lactate acid added to make the Mg70D HT disperse well b : Resulting by particle reduction treatment by mall-billing from the Mg70D in 2 ml or 9.5 ml of the 2 M H 2 SO 4 solution respectively. The slurry was stirred for 24 h at 80 o C. The membranes were prepared using α-alumina tubes as substrates, by dip-coating or by in-situ coating (during dip-coating the alumina tube stays in the solution for a few sec;
in-situ coating requires more time in solution, typically ranging from 30 min to 3 h). After preparation, the Mg50-coated membrane was dried for 3 days in ambient air. The Mg70D-coated membrane was dried overnight in ambient air, and then at 150 o C for 24 h.
Vacuum-Suction Method. The vacuum-suction method was also used for the preparation of some of the membranes. [4] In membrane preparation we utilized the commercial hydrotalcite (Mg70D), provided by Sasol. The Mg 70D powder size was reduced by ball-milling at the NETZSCH Corporation, its average particle size reduced from 12.8 to 0.17 μm (see Fig. 1 ). This HT powder is, hereinafter, referred to as Mg70DS (see Table 1 ). with 1000 kg f /cm 2 of pressure for 10 min. The disc was then calcined at 1000 o C for 3 h.
Comparision between feed and ball mill
The porosity of the supports was ~0.34 (as measured by the Archimedes method).The surface of the support was polished with 600 and 2400 grit-sand paper, and was then cleaned several times with deionized water in an ultrasonic bath. Before coating, the support was dried in air at 473K for 6 h. The colloidal HT suspension used for coating was prepared by dispersing the Mg70DS HT in deionized water (at a concentration of 0.76 wt%)
with the aid of ultrasonic treatment. 2 ml of this solution was added drop-wise on the support, and a HT layer was formed on the top support surface using vacuum suction with the aid of a mechanical pump, which created vacuum from the bottom of support. The membranes, thus prepared, were dried at 150 o C for 12 h. Some membranes were, in addition, coated using a 3.5 wt.% silicone solution (GE Silicones, RTV 615A,B) in heptane (from Aldrich), in order to improve their performance, also by using the vacuum-suction method. This treatment plugs the inter-crystallite space, and potentially the pinholes and cracks.
Electrophoretic Deposition. A number of membranes were also prepared by electrophoretic deposition (EPD), which involves the migration and coagulation of ceramic particles on an electrode surface aided by an electric field. [5, 6] The advantages of EPD are the uniformity of the deposition process, even for complex and large forms, and good control of the thickness of the deposit. [7] During EPD, the mass of deposit is described by the following equation:
where M is the of the mass of the deposit (kg), t the deposition time (s), α a coefficient related to the friction characteristics of the particles near the electrode that are being deposited, A the electrode surface area (m 2 ), C the particle concentration in the suspension (kg/m 3 ), µ the electrophoretic mobility (m 2 /Vs), and E the electric field (V/m). The electrophoretic mobility (m 2 /Vs) is given by the following equation
where Z is the zeta potential, V the applied voltage, E the dielectric constant of the medium in which the particles are suspended, η the viscosity of the suspension, and L the electrode separation distance. As Equation (2) indicates, electromobility depends on the zeta potential. [8, 9, 10] The zeta potential, is an intrinsic property of each slurry system, and is the potential between the Stern layer and the Diffuse layer (as defined in the double-layer colloidal model); its value determines which electrode is the target for deposition during EPD. In our study, the zeta potential was measured by a Zeta Meter 3.0 (Zeta-Meter Inc.). For EPD, the Sasol Mg70DS powder was used to prepare a suspension in distilled water.
Porous α-alumina tubes or discs were used as the supports. The EPD unit is illustrated [7, 11] For deposition on the tubular membranes, a stainless steel rod was inserted inside the support tube to be used as the cathode. The stainless steel vessel itself was used as the anode (the choice in electrodes varies, depending on the zeta potential). A DC power supply was used to generate the potential difference between the two electrodes. The electrical potential varied from 1 to 20 V, while the HT weight fraction in the colloidal suspension varied between 0.38 ~ 1.25 wt %. The solution's pH was adjusted by using 0.9 M H 2 SO 4 and 0.9 M NaOH solutions. The membranes, after coating, were dried overnight in ambient air, and at 150 o C for 12 h.
Micro-Membrane Preparation
In this study, we have also investigated the fabrication of HT micromembranes using silicon wafers and stainless steel foils as templates. Using (100) p-type silicon wafers we have created a microchannel pattern as shown in Fig. 3 . It consists of two different channel types, with a width of 500 and 1000 µm correspondingly, which were fabricated using a standard photolithographic technique [12, 13] 
Figure 3. The silicon microchannels
The channels were etched using a 44 wt% KOH solution at 359 K. The anisotropic wet-etching rates along the silicon <111> and <100> directions result in a trapezoidal channel cross-section with an angle of 54.7°, as shown in Fig. 3 . After the microchannel was prepared, it was coated with HT using various coating methods, with or without an intermediate support layer. (see Table 2 ). After the HT coating process finishes, self-standing HT micromembranes are prepared by wet-etching of the silicon layer at the bottom of the HT layer using a 44 wt% KOH solution at 359 K.
We have also prepared micromembranes on stainless steel supports. These membranes are, potentially, more useful than the Si-wafer-based membranes, due to their better mechanical properties. A simple design (see Fig. 4 ), consisting of a square pattern of small circular holes (microholes), each with a diameter of 800 µm, is typically fabricated by conventional drilling. The micromembrane is prepared by coating these microholes with a solution containing 20 wt% Mg70DS, and drying at 150 o C for 24 h. 
Membrane Characterization
FT-IR was used to characterize the various HT materials generated. The FT-IR spectra were recorded using a Genesis II (Mattson, FT-IR) instrument; the instrument operating conditions were a scan-range from 4000 cm -1 to 500 cm -1 , scan numbers 16, and a scan resolution of 2 cm -1 . We also utilized XRD to characterize the HT materials, using a Rigaku The HT membranes were also characterized by permeation measurements. The permeation apparatus used in this study consists of a permeation cell, He, Ar, N 2 , H 2 , CO, syringe-pump (for delivering water to create synthetic WGS feeds), and a temperature-controlled oven. The membrane areas were 6.51 and 0.865 cm 2 for the tubular and disc membranes correspondingly. Water vapor in the permeation and feed-side exit streams was collected with moisture traps. The membrane permeances were measured using a bubble-flow meter for single gases, and a gas chromatograph or mass spectrometer for mixtures of gases. For the silicone-coated HT membranes, the constant volume, diffusion time-lag method was used. To measure the gas permeance, the permeate side pressure was kept around 1×10 −2 Torr, while the feed-side was maintained at a predetermined fixed pressure. Gas permeance is calculated from the change in pressure on the permeate side.
Results and Discussion
Characterization Results
HT Powders
The FTIR spectra of one of the HT synthesized in our labs (HT1) and of the Sasol Mg70D HT are shown in Fig. 5 . HT. They appear to be typical HT thermograms. There are some differences between the two samples, however, which may be due to the different heat treatment conditions, and the presence of the dispersion agent in the Sasol Mg 70D. Figure 7 (bottom) also shows the DSC spectrum of the Mg70D HT. Endothermic peaks are observed due to desorption of water, and lactate acid, and to the loss of OHgroups present in the interlayer region. CO 3 2anion elimination is an exothermic reaction manifested by an intense exothermic peak at 452.6 o C.
The pore structure was evaluated by analysis of BET data. The microporosity was evaluated using the H-K equation with a slit-type pore model, while mesoporosity was evaluated using the BJH model. Analysis results are shown in Table 3 . The surface area of the samples is low, and increases with increasing calcination temperature. High temperature treatment decreases the pore size. The observed isotherms are of Type II Figure 8 shows the top surface of a membrane (at two different magnifications) prepared by the vacuum-suction method. The membrane has a smooth top surface, probably due to the very small size of the Mg70DS powder used to prepare the membrane. Figure 9a shows the cross-section of one of these membranes. The film thickness is around 6 ~ 7 µm, and the layer appears to consist of well-intergrown HT crystallites without defects. Figure 9b shows 
Micromembranes
SEM pictures of the microchannel etched on silicon wafers and used for the preparation of micromembranes are presented in Fig. 10 . As noted in Table 2 , two preparation methods were chosen. SEM observations of the films prepared by seed deposition and hydrothermal aging indicate that they are partially detached layers. are similar in appearance to those in Fig. 11 , uniform and with dimensions in the submicron range, albeit much smaller than those in Fig. 11 . After the HT coating is prepared on the alumina layer in the microchannel, KOH is used to etch the silicon layer, while leaving the alumina and HT films intact, since alumina has good resistance to the strong base. The resulting HT membranes are then used for permeation tests. These membranes are not very strong mechanically, however, rupturing at pressure gradients larger than 10 psi. Figure 13 shows the morphology of a membrane prepared on the stainless steel supports (the microhole size in the Figure is ~800 µm). In Fig. 13 , the HT membrane surface appears to be smoother than the surface of the membranes on the Si wafers. This is probably because in the preparation of these membranes we have used a different precursor, namely Mg70DS, which has much better dispersion characteristics.
Transport Studies
Large Area Membranes
Dip-coating. The permeation characteristics of membranes (in terms of the ideal separation factor, defined as the ratio of permeances of single gases) prepared using the HT2 hydrotalcite and the procedure described in 2.1.1 are shown in Fig. 14 The permeation characteristics of membranes using the Sasol Mg70D HT according to the procedure described in 5.1.1 are shown in Fig. 15 . Two different colloidal dispersions were utilized for dip-coating on α-alumina tubes, one containing 5 wt% of HT (S-5), and the other 1.25 wt% of HT in solution (S-1.25). The effect of the number of coatings utilized to prepare the films is also shown in Fig. 15 . Increasing the number of coatings increases the N 2 /CO 2 separation factor, which levels-off at 1.3 ~ 1.4 (slightly above the Knudsen value ~1.25), which is expected on the basis that increasing the number of coatings, decreases the number of pinholes and cracks, and improves the quality of the resulting membranes. XRD analysis of the membrane surface indicates that is pure hydrotalcite, while SEM indicates a smooth surface with no visible defects and the thickness of the films to be ~5 µm.
Using Sulfate as a Binder. As discussed in 2.1.1, a number of membranes were prepared using sulfuric acid as a binder. Table 4 shows the N 2 and CO 2 permeances and the corresponding N 2 /CO 2 separation factors (at two different pressure drops of 30 and 40 psi, and at room temperature) for a number of membranes prepared by this technique.
Dip-coating and in-situ coating were utilized for membrane preparation from Mg50 and Mg70D HT. The in-situ coating method used Mg50 as the HT source, and yielded membranes which were more permselective towards CO 2 than the membranes prepared by the dip-coating technique. Membranes prepared by dip-coating were not permselective towards CO 2 , showing instead a N 2 /CO 2 separation factor in the range 1.1 -1.27. The membranes prepared with Mg50 using the sulfate binder were not stable, however, when the temperature was raised above 80 o C. Vacuum-Suction Method. Preparing membranes using vacuum suction may potentially enhance the adhesion of the deposited HT films on the underlying support. A number of membranes using the vacuum-suction method have been prepared, as described in 2.1.1, using the Mg70DS HT, which is prepared by the Mg70D HT powder, by ball-milling at the NETZSCH Corporation. Table 5 shows the permeance and ideal permselectivity for single gases such as He (a safe surrogate gas for H 2 ), N 2 (a safe surrogate gas for CO), Ar and CO 2 measured at two different transmembrane pressure drops of 30 or 40 psi and at room temperature, for two different HT membranes prepared by the vacuum-suction technique. By comparison, the permeance of the underlying alumina support is 2 orders of magnitude higher than that measured with the HT membrane and the separation factors are lower than the Knudsen values, and do not improve significantly as the temperature is raised (from 298 to 503 K), signifying a mostly macroporous structure. The HT membranes are microporous with the most permeable gas being He, followed by N 2 , Ar, and CO 2 , with permeances for He in the 10 -8 ~ 10 -9 mol/m 2 s Pa range. Table 6 shows the permeabilities for the HT layer, calculated after one accounts for the permeability of the support layer and the thickness of the HT layer. The effect of temperature on permeation for the HT membranes is shown in Table 7 .
The permeance for all gases decreases as the temperature increases (from 298 to 503 K), with the exception of CO 2 , which first increases as the temperature increases from 298 to 373, and then subsequently decreases. Table 8 shows the effect of temperature on the HT layer permeance, showing similar trends.
Notice that the ideal separation factors first decrease with temperature and then increases again. These results can be explained by the surface area and average pore size measurements made with HT powders, shown in Table 3 . Note that as the temperature, in which the HT is heat-treated, increases both the mesopore and micropore average pore sizes decrease, consistent with the decrease in the permeance of the various gases. Table 9 shows the effect of pressure drop on the single gas permeance and the ideal separation factor for three different membrane samples. For He and N 2 , as the pressure increases, the permeance first decreases and then increases. For CO 2 , however, the permeance increases through the whole region of pressures. The ideal separation factor also decreases as a function of pressure. The difference in behavior between He and N 2 and CO 2 is due to the affinity of the HT structure towards the CO 2 .
The previous data indicate that the HT membrane is characterized by both microporous and mesoporous regions. However, these membranes appear more selective towards the lower kinetic diameter gases like He, rather than CO 2 , as one would have expected based on the surface affinity of CO 2 in these materials. In order to probe the intrinsic properties of the HT materials, we used a silicone material, as previously described, composed of vinyl-polydimethylsiloxane (VPDMS) and modified silica to coat the membrane. This silicone compound has good thermal resistance, with operational temperature as high as 204 o C. To study the effect of coating the membrane with the silicone layer, we first measured the properties of the membrane without the coating, and then after the membrane was coated we measured its transport properties again. After silicone coating, the HT membrane permeance significantly decreases, as shown in Table 10 . The same The experimental values are significantly higher than the calculated ones, which signifies that the silicone layer penetrates into the underlying support structure. It is likely that the calculated ideal separation factors reflect the affinity of the CO 2 molecules for the intercrystalline space of the hydrotalcite material itself. Table 13 shows the permeation characteristics of a different membrane, including the permeances of smaller molecules like He and H 2 . Again the silicone-coated membranes show enhanced CO 2 permeation.
The reported ideal separation factors of the silicone-coated membrane significantly exceed those of the silicone membrane itself, pointing out that the separation characteristics of the silicone-coated HT membrane reflect the intrinsic properties of the HT material. Electrophoretic Deposition. Table 14 shows the permeance and permselectivity of a number of EPD membranes prepared under various preparation conditions. Most HT-EPD membranes exhibit Knudsen flow, with the exception of membranes E6, E7, and E8. E6 was also used for mixed gas mixture permeation tests (see discussion below). The morphology of these membranes has been studied by SEM. Using Mg70DS results is smooth HT layers, while, on the other hand, the surface of the membranes prepared by the synthetic HT appears rougher. For most of the membranes in Table 14 the thickness was ~ 15 µm. 
Micromembranes
Single gas permeation tests (for He, Ar, CO 2 , N 2 , at ΔP=30 psi, and at room temperature) were also conducted with the micromembranes prepared on the stainless steel supports. Figure 16 shows the measured permeances and the ideal permselectivities for various gas pairs. The order of permeance was He>CO 2 >Ar, according to their kinetic diameters. For N 2 , however, the permeance is smaller than that of CO 2 but larger than that of Ar. Based on the measured He/Ar permselectivity, the membrane is microporous. The measured permeances for the micromembranes are smaller than those of the other 
Transport Studies with Gas Mixtures
Several membranes were also tested for the permeation of gas mixtures. Table 15 shows the results for the N 2 /CO 2 gas pair (N 2 is used here as a safe surrogate gas for CO).
The mixed gas separation factor for the various membranes were generally very similar to the separation factor based on single gas permeances. Table 16 shows effect of temperature on the permeance and separation factor of the CO 2 /N 2 gas mixture using the E6 membrane. The CO 2 permeance and the separation factor for membrane E6 increase as temperature increases. On the other hand, the N 2 permeance decreases as temperature increases. 
Conclusions
We have presented here results of our studies, whose goal is the preparation of affinity-type CO 2 -selective membranes. In the preparation of these membranes, we have used a number of hydrotalcite (HT) sources, prepared in our laboratories and also available commercially; we have also used a variety of mesoporous and macroporous supports, including HT porous disks prepared in our laboratories, and alumina tubes and disks. We have also prepared two types of membranes, large area membrane disks and tubes, and micromembranes prepared on stainless steel foils and silicon wafers. The micromembranes show good potential for application in micro-fuel cells. The membranes have been tested for their transport characteristics using both single gases and mixtures of gases, as well as by a variety of other characterization techniques including SEM and TEM, DRIFTS, EDX, and DTA/TGA. Quality nanoporous membranes have been prepared which show significantly higher permeation rates for gases with smaller kinetic diameters like He (used here as a safe surrogate gas for hydrogen) as compared to gases with larger kinetic diameters like Ar. Some of these membranes are selective towards CO 2 . The effect of preparation conditions on the membrane transport characteristics have also been studied and are reported here. Coating these membranes with a silicone layer improves their separation characteristics making them significantly more permeable towards CO 2 , as one would have expected based on the strong affinity of these materials towards CO 2 .
Milestones
All important milestones set for this project have been accomplished.
Cost and Schedule Status
Initial Project Budget: $ 50,000
Costs Incurred During the Project: $ 50,000.00
Funds Remaining: $ 0.
Summary of Significant Accomplishments
The following are some of the key accomplishments:
• We have developed and studied a number of techniques for the preparation of HT membranes.
• Different membranes have been developed, characterized and tested for their permeation characteristics towards single gases and mixtures of gases.
• A number of these membranes were shown to be nanoporous, and some of them show good permselectivity towards CO 2 .
Actual or Anticipated Problems or Delays
The project was on schedule and no delays occurred.
Technology Transfer Activities Accomplished
A paper is in preparation, and will be submitted to Industrial Engineering Chemistry
Research. Results of this research were presented at the 2006 AIChE Annual Meeting in San Francisco.
